The effect of specific alumina (Al 2 O 3 ) nano-particle sizes (500 nm and 80 nm) and weight content (5% and 10%) on the electrochemical characteristics and corrosion resistance of AA1070 monolithic aluminum alloy (1070AL) in 0.1 M H 2 SO 4 , 1.78% NaCl and 0.1 M H 2 SO 4 /1.78% NaCl solutions was evaluated by potentiodynamic polarization test, open circuit potential measurement and optical microscopy analysis. The composite specimens at 80 nm particle size generally had lower corrosion rates than their composite counterparts. Results showed the combined sulphate/chloride solution severely deteriorated the surface properties of 1070AL and the alumina aluminum matrix composites (1070AL/Al 2 O 3 ) coupled with having the highest corrosion rate values. The extent of surface deterioration was relatively smaller for 1070AL/Al 2 O 3 specimens. Corrosion pits and intergranular cracks were observed on the surface morphology of 1070AL and 1070AL/Al 2 O 3 specimens in NaCl solution despite having the lowest corrosion rate values. Significant passivation behavior was observed the specimens during potential scanning despite their highly electronegative corrosion potentials. SO 4 2− anions in H 2 SO 4 solution did not cause any significant change on morphology of the aluminum specimens with respect to the corrosion rate values being the second highest by comparison. 1070AL/Al 2 O 3 at 80 nm and 10% weight content had the lowest corrosion rate among the composites which was comparable to 1070AL in 0.1 M H 2 SO 4 and 1.78% NaCl solution.
Introduction
Aluminum matrix composites are a class of light weight high performance materials with extensive applications in military aerospace, automobile, space, biotechnology, semi-conductor, nuclear, sports and recreational industries. The composites such as silicon carbide, alumina, titanium oxide, boron carbide etc. are added within the aluminum substrate through specialized processes. They are usually nonmetallic reinforcement particles which improves the thermal conductivity of the base metal in addition to excellent abrasion resistance, creep resistance, abrasion resistance and excellent stiffness and strength to weight ratio. Alumina is an inorganic ceramic compound and oxide of aluminum existing naturally as bauxite, corundum, etc. It is used as a desiccating agent, a catalyst, an adsorbent, in the production of dental cements and refractories. The exceptional properties of alumina such as very high hardness value even at very high temperatures, chemically inactive, strong wear resistance and high melting point. Alumina is responsible for the resistance of metallic aluminum to weathering and previous research has proven it to be highly resistant to corrosion in aqueous solutions enabling its application as a reactor material in the supercritical water oxidation process [1] . Ćurković et al. showed that the corrosion rate of alumina ceramics decreased in high molar concentrations of HCl and H 2 SO 4 solutions [2] . The dissolution rate of a variety of alumina-based ceramics in azeotropic aqueous hydrofluoric acid at 200°C showed corrosion occurred at the grain boundaries [3] . Studies by Lazar et al. [4] on the corrosion of 304L stainless steel coated by alumina through metal-organic chemical vapor deposition in a dilute NaCl showed that the alumina at specific coating thickness proves to be highly corrosion resistant. Alaneme and Bodunrin [5] studied the influence of variation of volume percent and solution heat treatment of alumina on the corrosion resistance of 6063Al composites and base metal. Alumina is more stable, inert with higher temperature resistance than silicon carbide, the most applied matrix composite [6] [7] [8] [9] . In automobile industry aluminum matrix composites with alumina has substituted cast iron components [10] . However, the work of Aylor and Taylor showed that localized corrosion occurred at the composite/ matrix interface suggesting that the corrosion resistance of the matrix composites is subjective [11] . Research on the influence of reinforcement additives on the corrosion of aluminum matrix composites continues and is still the subject of intense study [12] [13] [14] . This investigation aims to study the effect of limited alumina particle size and content on the corrosion resistance 1070 aluminum alloy in H 2 SO 4 , NaCl and H 2 SO 4 /NaCl solution.
Materials and methods
Aluminium metal (1070AL) purchased from Aluminium Rolling Mills Company, Ota, Ogun State, Nigeria has nominal (wt%) composition shown in Table 1 . Alumina nano-particles (Al 2 O 3 ) of 500 nm and 80 nm were purchased from US Research Nano Materials Inc, Texas, USA. The particles were added to molten 1070AL at 650°C in a tilting furnace to obtained aluminium alumina matrix composites (1070AL/ Al 2 O 3 ) at 5% and 10% weight content for 500 nm and 80 nm alumina particle sizes as shown in • C (ambient temperature) with Digi-Ivy 2311 electrochemical workstation. Graphical illustrations were obtained at scan rates of 0.0015 V/s between specific potentials for each electrolyte used. Corrosion current density, C cd (A/cm 2 ) and corrosion potential, C pt (V) values were determined from the graphical plots using Tafel extrapolation method. Corrosion rate, C RT (mm/y) and inhibition efficiency, η (%) were obtained from the calculation below;
D is the density in (g/cm 3 ); E q is the alloy equivalent weight (g). 0.00327 is the constant for corrosion rate. Open circuit potential measurement (OCP) was performed at 0.05 V/s step potential for 3200 s to study the active-passive behavior of the alloy-solution system and their thermodynamic equilibrium with respect to time and the electrochemical action of the corrosive anions. Morphological representations of the corroded 1070AL and 1070AL/Al 2 O 3 samples from optical microscopy were analysed after polarization test with Omax trinocular metallurgical microscope through the aid of ToupCam analytical software.
Results and discussion

Potentiodynamic polarization studies
The effect of Al 2 O 3 nano-particles on the corrosion polarization behavior of 1070AL aluminum alloy in 0.1 M H 2 SO 4 , 1.78% NaCl and 0.1 M H 2 SO 4 /1.78% NaCl solution is shown from Fig. 1 (a)-(c). Table 4 shows the polarization data obtained. Observation of the table shows the combined action of Cl − and SO 4 2− anions in 0.1 M H 2 SO 4 /1.78%
NaCl solution had the most destructive effect on 1070AL and 1070AL/ Al 2 O 3 aluminum composites due to their synergistic action during the redox electrochemical processes occurring at the interfacial layer of the metal alloys and matrix composites. Despite the relatively small size and strong electro-active nature of Cl − anions, their influence on the deterioration of surface properties of the metal alloys in 1.78% NaCl solution was quite minimal from observation of the corrosion rate values. It is can clearly be established from the results that Cl − anions has the least influence on the electrochemical properties of the aluminum alloy resulting into corrosion. However, the thermodynamic tendency of 1070AL and 1070AL/Al 2 O 3 (sample A-C2) to corrode is much higher in 1.78% NaCl solution as observed from the corrosion potentials where the values tends to be more electronegative due to selective adsorption of Cl − anions at the oxide layer. The lower corrosion rate combined with greater cathodic corrosion activity for the samples in 1.78% NaCl solution shows chloride-oxide complexes are likely being formed on the oxide surface at the expense of O 2 atoms due to O 2 reduction reactions. The anodic portion of the polarization plot in Fig. 1(b) shows visible passivation behavior which confirms the formation of chloride-oxide complexes leading to breakdown of the passive film after sufficient displacement of O2 at the transpassive region of the plot. The polarization plots depicting the active passive behavior of the aluminum metal alloy and composite samples [ Fig. 1(a)-(c) ] significantly contrast each other. Fig. 1(b) reveals the passivation characteristics of the samples studied. In the course of anodic polarization, the samples repassivated at specific current/potential values with respect to Al 2 O 3 content and particle size. This phenomenon occurs after metastable pitting activity as shown by the decrease in the anodic slope of the plots. After which the plots showed the samples remained passive for at significant potential interval before breakdown due to pitting corrosion in the transpassive region of the curve. Beyond the transpassive region, a sharp increase of the anodic plots occurs, signifying unrestricted anodic dissolution of the samples. This is basically the reason why the corrosion rate values of the samples in 1.78% NaCl is relatively low. The major corrosion reactions taking place are localized while the remaining entire large surface areas of the samples are stable. Fig. 1(c) shows active behavior of the anodic-cathodic polarization plots due to instantaneous destruction of the protective oxide of the aluminum samples; hence no passivation of the samples occurred. The decreased anodic slope of Fig. 1(a) shows the aluminum samples gradually deteriorated during potential scanning.
Open circuit potential measurement (OCP)
The thermodynamic tendency of sample A, B1 and C1 to corrode in 0.1 M H 2 SO 4 , 1.78% NaCl and 0.1 M H 2 SO 4 /1.78% NaCl solutions are shown from Fig. 2(a)-(c) . Variation of OCP values to exposure time significantly contrasts each other due to differences in metal-anion interaction. Observation of Fig. 2(a) shows visible decrease in OCP from −0.547 V, −0.507 V and −0.550 V (sample A, B1 and C1) at 0 s to −0.670 V, −0.627 V and −0.681 V at 250 s. This phenomenon is related instantaneous destruction of the protective oxide due to the electrochemical action of SO 4 2− anions in solution. However, sample B1 proves to be more thermodynamically stable than others with the least tendency to corrode at this point in time with an OCP value of lower than values obtained in Fig. 2(a) . While the OCP plot of sample A and C1 after 250 s are at significantly higher potentials than the OCP plot for B1, potential transients are visible due to active passive electrochemical behavior of the protective oxide. The Cl − anions being far smaller than SO 4 2− anions are capable of penetrating the oxide to initiate localized corrosion on alloy surface resulting in unstable passivation. This is quite visible at 1850 s (sample C1) and 2150 s (sample C1) where a sharp decrease in potential was observed. At 1850 s, a sharp increase in potential was also observed for sample A from −0.711 V to −0.674 V due to passivation of the alloy surface. The passive film formed on sample A tends to be more resilient. Comparison of Fig. 2(a) and (b) shows sample A (100% aluminum) is the most corrosion resistant followed by sample C1. Sample B1 consisting of 500 nm Al 2 O 3 composites in the aluminum matrix has the highest tendency to corrosion but yet is the most thermodynamically stable. In Fig. 2(b) potential transients are completely absent from sample B1 OCP plots. In the presence of Cl − and SO 4 2− anions [ Fig. 2(c) ], the OCP plots of sample A and B1 are the least electronegative followed by sample C1 by a small margin at 3200 s due to decrease in difference between the OCP values of sample C1, and sample A and B1. Potential transients dominate the OCP behavior with respect to exposure time due to the combined debilitating action of Cl − and SO 4 2− . The samples in the combined sulphate/chloride solution are significantly thermodynamically unstable.
Optical microscopic image analysis
Morphological representations of 1070AL (sample A) and 1070AL/ Al 2 O 3 (sample B1 and C1) matrix composites (mag. ×40 and ×100) are shown from Figs. 3(a)-6(c) . Fig. 3(a) and (b) shows the morphology of 1070AL and 1070AL/Al 2 O 3 before corrosion, while Fig. 4(a)-(c) shows the morphology of 1070AL after corrosion in 0.1 M H 2 SO 4 , 1.78% NaCl and 0.1 M H 2 SO 4 /1.78% NaCl solutions respectively. Mild deterioration of 1070AL morphology occurred in 0.1 M H 2 SO 4 solution [ Fig. 4(a) ] due to the action of SO 4 2− anions. This is represented as significant decrease of the anodic portion of the polarization plot [ Fig. 1(a) ] due to gradual deterioration of the surface properties of the metal alloy as earlier mentioned. The deterioration from optical microscopy is quite negligible as the surface appears to be slightly etched.
In Fig. 4(b) , while most of the surface area appears resistant to corrosion, corrosion pits are clearly visible due to localized corrosion reactions of Cl − anions with the metal surface resulting in a pitted surface at specific sites on the metal, most especially at areas with flaws, inclusions and discontinuity of the passive film. Pit formation is basically due to adsorption and chemical interaction of Cl − anions at these flaws in the surface oxide film [11] . Severe morphological deterioration occurred on 1070AL in Fig. 4 R.T. Loto, P. Babalola Results in Physics 10 (2018) [731] [732] [733] [734] [735] [736] [737] to weak cohesion between Al 2 O 3 and 1070AL matrix, causing the local chemistry at the defect sites to prevent passivation. 1070AL [ Fig. 4(b) ] without the presence of composites within its matrix is has a continuous protective oxide with minimal impurities hence the pitted morphology. 1070AL/Al 2 O 3 [ Fig. 5(b) ] with 500 nm Al 2 O 3 at 5% content within 1070AL matrix is most likely exposed to galvanic corrosion due to changes in the metallurgical structure of 1070AL as earlier mentioned and the presence of Al 2 O 3 would have caused discontinuities in the protective oxide weakening the film and hence cause the localized corrosion reactions observed. Fig. 6(b) showed the presence of corrosion pits in contrast to solutions. This observation is confirmed from the generally similar corrosion rate results in Table 3 .
Conclusion
Aluminum alumina matrix composites at 80 nm particle size exhibited excellent corrosion resistance compared to the monolithic metal in 0.1 M H 2 SO 4 and 1.78% NaCl solution while the matrix composites at 500 nm was the most corrosion resistant among the composites in 0.1 M H 2 SO 4 /1.78% NaCl solutions from potentiodynamic polarization and optical microscopic studies. In NaCl solution passivation behavior was observed due to formation of the protective oxide. Optical microscopy showed the presence of corrosion pits and intergranular cracks however the presence of alumina did not decrease the corrosion resistance of the matrix composite.
